The relations between brain development and behavior in human infants and young children are of interest to developmental psychologists. For example, there are changes in brain development that relate to the acquisition of perceptual and cognitive processes [1, 2] . Also of interest are developmental issues: how are the changes in myelination in the developing brain related to changes in social, emotional, and cognitive domains? Many of the changes in behavior, including social and emotional behavior, have been quantified; therefore, it would be useful to have a quantified measure of brain development to compare to the measures of behavior. A method of assessing developmental brain change is to assess the changing levels of myelination.
Introduction
The relations between brain development and behavior in human infants and young children are of interest to developmental psychologists. For example, there are changes in brain development that relate to the acquisition of perceptual and cognitive processes [1, 2] . Also of interest are developmental issues: how are the changes in myelination in the developing brain related to changes in social, emotional, and cognitive domains? Many of the changes in behavior, including social and emotional behavior, have been quantified; therefore, it would be useful to have a quantified measure of brain development to compare to the measures of behavior. A method of assessing developmental brain change is to assess the changing levels of myelination.
One approach to assessing myelination is to view the stained samples of brain tissue from specimens. Histologic studies of myelination of the forebrain have found no myelinated fibers before the seventh fetal month [3] . In the telencephalic division of the forebrain, myelinated fibers first appear in the white matter of the cerebral hemispheres in the tenth fetal month. In the supralimbic zone of the forebrain, which comprises the white matter of the cortical layers, the myelination of the subcortical white matter is synchronized with the myelination of cortical projections from the dorsolateral and posterior nuclei of thalamus. A quantitative measure of myelination development in infants, using MR images Abstract The objective of this study was to measure myelination of frontal lobe changes in infants and young children. Twenty-four cases of infants and children (age range 12-121 months) were evaluated by a quantitative assessment of T2-weighted MR image features. Reliable quantitative changes between white and gray matter correlated with developmental age in a group of children with no neurological findings. Myelination appears to be an increasing exponential function with the greatest rate of change occurring over the first 3 years of life. The quantitative changes observed were in accordance with previous qualitative judgments of myelination development. Children with periventricular leukomalacia (PVL) showed delays in achieving levels of myelination when compared to normal children and adjusted for chronological age. The quantitative measure of myelination development may prove to be useful in assessing the stages of development and helpful in the quantitative descriptions of white matter disorders such as PVL.
Myelination of the long association fibers of white matter of the supralimbic zone continues through the first decade [3] . There are wide differences between brain areas in the time intervals between the onset and maturation of myelination [4] . For example, at age 40 postconception weeks, 75% of infants evidence myelin in the posterior limb compared to 11% showing myelin in the lateral cerebellar white matter. The time interval between 7 months and 15 months postnatal is critical for the maturation of myelin in the posterior fronto-parietooccipital central white matter [4] . Subcortical association fibers complete the process of myelination in early adulthood [4] . Examination of the pathways in the temporal lobe in children ages 2 months to 3 years postnatal revealed differences between control cases and clinical cases including severe and prolonged perinatal pathology [5] . All clinical cases showed retardation of the myelination process by 2-20 months relative to the control group.
Another method of assessing stages of myelination is by magnetic resonance imaging [6] . Changes in MRI features are informative in determining the developmental changes in white and gray matter for normal and clinical cases [7, 8] . Findings from qualitative studies show that myelination occurs earliest in the posterior fossa at 3 months postnatal, with well-defined white matter tracts including the corpus callosum appearing by the end of the first year, and continues development through adulthood [9, 10, 11, 12, 13, 14, 15, 16, 17] . In the first year after birth, water content of the brain decreases and white matter increases in myelin content. Generally, on T1-weighted images, an adult aspect of myelination appears by month 12, and on T2-weighted images, by age 24 months. Recent MR studies indicated that children 36-40 months show adult-like patterns [17] . In general, myelination proceeds in the posteriorto-anterior, inferior-to-superior, and central-to-peripheral directions [11, 15] .
Although the MR images are based on quantitative measures of anatomical tissue, myelination has been assessed by the qualitative judgments of experts. A more accurate measure of the changes in myelination that accompany increases in development is needed, one that relies less on qualitative judgments and more on a quantitative measure. Such attempts have been made looking at myelination [18, 19] . Quantitative analyses of white matter myelination in the visual pathways were performed using MRI, and a positive relation was found between age and myelination development in the proximal optic radiation and the distal optic radiation [18] . However, for asphyxiated infants, the qualitative judgment was more predictive of neurodevelopmental outcome than was the quantitative assessment [19] . A relation between the quantitative assessments of frontal watershed injury with the 12-month mental developmental index was found. Ç oskun et al. [19] suggested that accurate assessment of prefrontal regions might predict abnormalities in higher cortical functioning.
Overall, there are reliable findings of quantitative measures of gray-white differentiation and age, brain injury, and prediction of later cognitive functioning. The purpose of this paper is to report findings on the developmental changes in infants and young children, using a quantitative measure of myelination of the frontal lobe.
Method

Patients
The images from the first five children representing a wide age range (ages 12 months, 26 months, 44 months, 49 months, and 121 months) allowed us to examine changes in myelination over the first 10 years of life. The images from a second group of 19 children were assessed in order to examine individual differences in myelination within a restricted age range of 15-33 months. All subjects were referred to rule out neurological involvement. The first five cases and 15 of the next 19 cases had no MR findings, while four cases had periventricular leukomalacia (PVL).
The institutional review board approved the protocol; parents gave written consent to review the MR images. Patients were treated in accordance with the ethical standards of the American Psychological Association, and the study was performed in accordance with the ethics standards indicated in the Declaration of Helsinki [20] .
MR imaging
MR imaging was performed using a 1.5 T system (General Electric, Milwaukee, Wisconsin) with a standard head coil. T1-weighted and T2-weighted images were obtained for clinical review. The images used for quantitative analysis were the T2-weighted axial images with the following parameters: 20 cm FOV, 256·192 matrix, 4 mm thick slice with 1 mm skip, 2 NEX, TE 82-96 ms, TR 3,500-4,000 ms, echo train length of 12, 24 locations.
T2-weighted images were selected for several reasons. T2-weighted images provided information on degrees of myelination [10, 16] , and yielded more reliable graded judgments of myelin [13] . It is generally agreed that T1-weighted images are more useful in the first 6-8 months of age to image myelin, and T2-weighted images are more useful after 6 months of age [9, 21] .
Measurement technique
Details concerning the quantitative measurement and its mathematical derivation are available [22] , and a brief description follows. The technique involves first, selecting axial sections and regions of interest, second, generating histograms of pixel intensities from corpus callosum (CC), gray matter, and white matter, and third, computing a measure of divergence between pairs of histograms in order to quantify the degree of myelination.
Selection of images and regions of interest
Five slices (atlas levels 2, 3, 6, 6_7, and 7_8, [23] ) imaging frontal lobes were used to assess the degree of myelination in the frontal lobes. Gray matter and white matter were assessed in the frontal and parasagittal areas evident on the five levels. We selected the frontal areas for quantification of myelination due to the association of these brain structures with the development of psychological competencies in the second year of life, such as language acquisition and self-awareness [24] . The three MR slices that included the corpus callosum were the anterior forceps and body (level 6) and the genu (atlas levels 6_7 and 7_8).
Axial sections were divided into four main regions, defined as ''left'' and ''right'' by a vertical line through the interhemispheric fissure, and as ''anterior'' and ''posterior'' by a horizontal line immediately anterior to the ventricles. Rectangular regions of interest (ROI) enclosing approximately 200 pixels were located to lie wholly within selected brain regions. Two white matter regions immediately rostral to the horizontal line and on either side of the vertical line were selected, and two gray matter regions on either side of the image were selected rostral to the horizontal line and near the vertical line. For slices visualizing the CC, an ROI within the CC was analyzed. An example of a section from a case of a 10-year-old is shown in Fig. 1 , with the horizontal and vertical reference lines and with five rectangles defining ROIs for CC, white, and gray matter superimposed on the anatomical image.
Generating histograms
After selection of the ROIs, histograms of pixel intensities were generated with pixel intensity on the x-axis and frequency counts on the y-axis.
Computing a measure of divergence
The divergence index is a measure of the separation of the pixel distributions between the pairs of histograms, such that a low divergence index indicates that the two histograms are similar in value, while a large divergence index indicates that the two histograms are widely separated. We expected small divergence values between a histogram representing the corpus callosum and a histogram representing white matter, and large divergence values between pairs of histograms representing the corpus callosum and gray matter. In this study, the divergence values between white and gray matter are direct measures of the degree of myelination of white matter. We expected the divergence index for white-gray differentiation to increase with developmental change. The quantitative measures of divergence were calculated between pairs of histograms. The theoretical lower limit of the divergence index is zero when two histograms have identical distributions, while the maximum theoretical value was calculated to be 1,420. The divergence index was calculated for pairs of histograms and then converted to a percentage scale, using the value of 1,420 to represent 100% divergence. Image noise does not influence the calculation of the divergence index. We assume that image noise is similar for gray matter and white matter. Since the divergence index is a measure of the differences in the distribution of signal intensities between gray matter and white matter, image noise does not confound the measure. Fig. 2 shows how divergence of white and gray matter increases as a function of age from 12-121 months. Curve fitting suggests an always-increasing non-linear fit (p<0.01) that indicates an exponential function. A twoway analysis of variance on the divergence values for white and gray matter in the first group of five children showed reliable effects for the factors of age, F (4, 25)=7.42, p<0.001, and atlas level, F (4, 25)=23.24, p<0.001. Post-hoc tests (Tukey LSD, p<0.05) indicated that atlas level 2 (M=32%) had significantly lower divergence values than atlas level 3 (M=77%), atlas level 6 (M=85%), atlas level 6_7 (M=80%), and atlas level 7_8 (M=89%). The interaction of age and atlas level was not significant.
Results
Comparisons of the CC with gray matter yield similar findings, with reliable effects for age, F (4, 15)=5.72, p<0.005, atlas level, F (2, 15)=11.042, p<0.001, and their interaction, F (8, 15)=2.61, p<0.06. Post-hoc testing revealed that CC-gray matter divergence at atlas level 7_8 was the same at 12 months (M=99.9%) as at 121 months (M=97.6%). However, CC-gray matter divergence at atlas level 6 markedly changed from age 12 months (M=67%) to age 121 months (M=99.3%).
A two-way analysis of variance on the divergence values for CC and white matter showed reliable effects for the factors of age, F (4, 15)=6.86, p<0.005, and atlas level, F (2, 15)=60.80, p<0.001. Post-hoc tests (Tukey LSD) were employed to isolate the differences. Divergence for CC-white matter remained fairly stable over age range 12 months (M=46%) to 49 months (M=43%), with a significant decrease (p<0.01) by age 121 months (M=22%). Comparisons of atlas levels showed a significant decrease (p<0.001) in divergence for CC-white matter from atlas level 7_8 (75%), to level 6_7 (41%), to level 6 (14%). The interaction of age and atlas level was not significant.
Using the second group of 15 children who had no MR findings, the divergence values between white and gray matter were assessed for differences with age and atlas level, using a two-way analysis of variance. Even in the restricted ages (15-33 months), there was a significant age effect, F (8, 101)=4.15, p<0.001. Post-hoc regression analyses indicated increases in divergence by age (p<0.05). As was found with the first group of five children, there were clear differences in divergence for atlas level, F (4, 101)=17.25, p<0.001. Post-hoc analyses (Tukey LSD, p<0.05) found lowest values of divergence for atlas level 2 (M=41%), which were significantly lower than all other atlas levels. Divergence at atlas level 3 (M=56%) was significantly lower than at atlas level 6 (M=81%), level 6_7 (M=73%), and level 7_8 (M=79%), which did not differ from one another. There was no significant interaction between the factors of age and atlas level. Finally, the divergence values for the 15 participants in this restricted age group fall within the values expected from the results of the first group of participants with a larger age range.
Given that the quantitative measure showed reliable changes with age in white-gray divergence in the frontal lobes of children without MR abnormalities, we wanted to know whether this measurement procedure would differentiate between patients with and without PVL. To answer this question, four patients who had PVL (M=24.8 months of age) were compared to the group of Fig. 2 Age-related changes in white-gray matter divergence. Error bars indicate ±1 standard error 15 normal children (M=22.0 months) for white-gray divergence values. To control for divergence differences due to age, a two-way analysis of covariance was applied to the divergence values for the factors of diagnostic group (PVL vs normal) and atlas level, with age as a covariate. Clear differences were found between groups, F (1, 171)=4.44, p<0.05, with lower divergence values for the PVL group (M=58%, 95% confidence interval (CI)=50-66%) compared with the normal group (M=68%, 95% CI=64-72%). The factor of atlas level over both groups was significant, F (4, 171)=11.02, p<0.001. Post-hoc tests (Tukey LSD, p<0.05) revealed that divergence at atlas level 2 (M=38%) was lower than at all other levels, and divergence at atlas level 3 (M=54%) was lower than at levels 6 (M=77%), 6_7 (M=75%), and 7_8 (M=71%), which did not differ from one another. The interaction of diagnostic group and atlas level was not significant. While controlling for the effects of age on divergence, it was found that the patients with PVL had less differentiation between white and gray matter than did typically developing patients.
Discussion
There are three main findings from this study. The first finding is that quantification of myelination development is possible using a measure that reflects changes in white matter and gray matter with age. We believe that this will relate to developmental changes in behavior, including social and emotional behavior.
Complementing this finding, our quantitative measures of MR signal differences are in agreement with the judgments of the stages of myelination relying on qualitative classifications by experts [9, 10, 11, 12, 13, 14, 15] . The divergence of white and gray matter is most rapid in the first 3 years of development, a finding that fits well with the qualitative judgments in previous studies. Divergence values decreased in the direction from inferior to superior regions of the frontal lobe, indicating decreased levels of myelination, which is in agreement with previous findings [11, 15] . Of interest is the finding that there are myelination differences between the cases with PVL and cases with no neurological findings. As expected, the divergence values between white matter and the corpus callosum remained constant across age, which is in agreement with other studies. An understanding of the development of myelination aids in the determination of markers or signs of developmental delays or developmental disabilities, such as white matter disease [25] .
Generalizability of the technique is restricted to cases of at least 12 months of age. It is well-known that the developmental changes in water content of the brain affect the MR signal and that most water content of the brain reduces in the first year [12, 21] . The T1 values decrease steadily during the first year for white and gray matter, with no changes after age 1 year [26] . Histologic studies of the brains of infants less than 12 months of age found that the increase in white matter intensity on T1-weighted images is explained by water decrease in the brain, not by myelination [15] . The present study examined cases of infants with a minimum age of 12 months; therefore, the application of the measure to cases at least 12 months of age would be reliable.
Our third major finding is the difference in myelination measures between PVL cases and normal cases. It may be that the quantitative continuous measure is more sensitive than qualitative classification to subtle changes in white-gray differentiation. The quantitative measure may be useful in MR imaging studies that compare preterm and full-term infants for myelination patterns and dimensions of brain structures [13] and in the quantitative descriptions of white matter disorders such as PVL. The emergence of social function may be related to changes in myelination as measured by our quantitative assessment of MR image content. Current research needs to investigate the relations between the divergence values and measures of the onset of selfrecognition, including the use of personal pronouns and pretend play [27] .
